This paper presents an investigative aerodynamic analysis conducted on the novel control surface known as a Variable Camber Continuous Trailing Edge Flap (VCCTEF). The VCCTEF is modeled as a control effector on the NASA Generic Transport Model (GTM) where wing flexibility is considered. Aerodynamic modeling of the aircraft is conducted using vortex-lattice method (VLM), and an aeroelastic model of the aircraft that utilizes a coupled finite-element analysis (FEA) vortex-lattice solution is employed. VLM solutions are used to determine quasi-steady aerodynamic loading over the aeroelastic wing structures with VCCTEF. The load data is used to calculate aerodynamic sensitivities to control surface deployment and is also integrated to determine overall hinge moments. This analysis is conducted for different flight conditions, where control sensitivities compare the VCCTEF effectiveness against conventional control surfaces. Hinge moment results provide insight into aeroelastic wing loads, and worst case hinge moments for the VCCTEF can be estimated. Results show that the VCCTEF offers greater control authority than conventional ailerons at cruise, and nominal flap settings are determined for a low-speed take-off condition where the VCCTEF maintains comparable control effectiveness. Worst case hinge moment values are presented, where for a possible VCCTEF configuration, the stiff wing model demonstrates up to a 5.90% increase in flap hinge moment relative to a rigid model, and a reduced stiffness model demonstrates up to a 11.42% increase.
I. Introduction
With recent progress made in light-weight material technologies, the commercial aircraft industry has been investigating the design of lighter weight wing structures. These modern wing materials maintain the same load carrying capacity as conventional materials but with reduced structural rigidity. The advantage of using lighter weight materials is a desired direct reduction of aircraft weight, but the reduction in stiffness increases the aeroelastic interactions between flight aerodynamics and the wing structure. As a transition to these modern materials occurs, modeling capabilities for flexible wing aircraft becomes increasingly important.
In 2010, a conceptual study titled "Elastically Shaped Future Air Vehicle Concept" 1 was conducted to investigate the benefits of several advanced aircraft technologies. The results demonstrated the potential benefits of using active control to tailor a flexible wing structure's aeroelastic shape during flight. To take advantage of the potential benefit, a novel control surface known as a Variable Camber Continuous Trailing Edge Flap (VCCTEF) system was proposed as a control surface candidate. 1, 2 Under the Fixed Wing Project Active Aeroelastic Shape Control (AASC) element, NASA and Boeing conducted joint studies to investigate the application of the VCCTEF system. 3, 4 The VCCTEF is implemented on the NASA Generic Transport Model (GTM), 5 a notional model of short-to-medium range class commercial transport. The VCCTEF can be utilized to modify the wing's aeroelastic shape, allowing for optimization of the wing's spanwise twist at any point within the flight envelope to achieve a best lift-to-drag (L/D) ratio. This
II. Generic Transport Model with Variable Camber Continuous Trailing Edge Flap System
The NASA GTM (Generic Transport Model) is a sub-scale research platform representative of a classic commercial aircraft configuration. It includes a wind tunnel model and a remotely piloted vehicle, and the full-scale aircraft geometry is obtained by scaling up the sub-scale model by a ratio of 200:11. The GTM is modeled as a notional single-aisle, mid-size, 200-passenger aircraft representing one of the most common types of short-to-medium range passenger transport aircraft in the commercial aviation section. It has been tested within the 14-foot-by-22-foot wind tunnel test at NASA Langley Research Center and wind tunnel test data is available to validate computation models. Figure 1 is an illustration of the GTM aircraft. In the aeroelastic model of the GTM, the wing is allowed to freely deform based on reference wing stiffness values and the GTM jig-shape planform. A weight distribution model 11 is used to determine the mass and inertia properties of the wing based on its operating condition. The "stiff" mass and stiffness model is representative of a commercial aircraft of the 757-era, similar in class to the GTM. 4 A "flexible" mass and stiffness model is a notional wing model that is formulated by a 50% reduction of bending and torsion stiffnesses of the stiff wing. The flexible wing is designed to achieve a 10% wing tip deflection, mimicking the behavior of modern composite, high aspect ratio wing designs.
The GTM is equipped with the VCCTEF (Variable Camber Continuous Trailing Edge Flap) system as a wing shaping control and replacement for conventional ailerons and flaps. Details of the proposed VCCTEF concept are found in references. [2] [3] [4] The VCCTEF is divided into a series of flap sections outboard of the wing break and one flap inboard of the wing break. Each of the flap sections are then composed of a series of camber segments that can be individually commanded. Figure 3 shows an example of an airfoil section with three camber segments. Figure 5 shows the VCCTEF configuration #1 concept deployed on the GTM, where all three camber segments of the inboard flap are shown in light blue, the flexible material connecting neighboring flaps is shown in blue, and the deployed camber segments of the outboard flaps are shown in yellow, orange, and red for the first, second, and third camber segments of each flap, respectively. For roll control and maneuvers, only the outermost camber segments of the outer flaps, which have a fast actuator response, are used. For VCCTEF configuration #1, this represents the yellow 3rd camber segments in Fig. 3 , and for VCCTEF configuration #2, this represents the cyan 2nd camber segments in Fig. 4 .
Let the flap deflection for a VCCTEF configuration be described as 
where m is the number of flap sections and n is the number of camber segments per each of the flaps. For the scope of this study, the VCCTEF is always deployed using a circular camber arc. With a commanded flap deflection of ∆ j for the j-th flap section, the flap deflection on the k-th camber segment is δ j k = k∆ j n where n is the total number of camber segments. The shorthand δ = X • where X is a value in degrees is used to indicate the case where the all the flap sections are commanded with the same flap setting value X and the camber segments follow the circular arc.
The aircraft has a mid-cruise weight of 210, 000 lbs for a typical operating load (gear up, flap up) that includes cargo, fuel, and passengers. Fuel weight is about 75, 000 lbs for a range of about 3, 000 nautical miles. At the design cruise condition of Mach = 0.797 at 36, 000 ft, the design lift coefficient is C L = 0.51.
The aircraft's take-off gross weight (TOGW) is 235, 000 lbs. At sea-level, this corresponds to a lift coefficient of C L = 1.5614 for 1-g load. At take-off, the VCCTEF is deployed in a high-lift configuration (maximum deflection of δ = 45 • ), and the initial concept of the VCCTEF includes the possibility of a slotted configuration. Since take-off is dominated by aerodynamic effects that would not be fully captured by the approach in this study, another "lowspeed take-off" flight condition is estimated where the aircraft has accelerated after lift-off and the VCCTEF has been retracted to a nominal scheduled setting. For the scope of this study, an airspeed of 150 knots is used as an estimate for the low-speed take-off flight condition, or Mach = 0.228 at sea-level, similar to a previous study. 4 
III. Vortex-Lattice Method
VORVIEW is a computational tool used for aerodynamic modeling of aircraft configurations using the VORLAX vortex-lattice method code. 9 Based on lifting line/vortex-lattice aerodynamic theory, VORVIEW/VORLAX provides a rapid method for estimating aerodynamic force and moment coefficients. Geometric input vehicle configurations are constructed within VORVIEW by discretizing the surface into a series of panels, and each panel is then represented by the placement of spanwise and chordwise locations of bound or horseshoe vortices. Vortex-panels model lifting geometry as mean camber surfaces.
VORLAX is considered a medium-fidelity tool, and limitations associated with vortex-lattice modeling in general apply to VORVIEW aerodynamic analysis. Vortex-lattice is based on potential flow theory for inviscid and incompressible flow, where VORLAX accounts for compressibility effects on the aerodynamic coefficients through a compressibility correction, such as the Prandtl-Glauert correction. Due to its inviscid nature, the drag prediction by VORLAX is most reliable only for induced drag. Prediction of viscous drag due to boundary layer separation and wave drag due to shock-induced boundary layer separation are generally not conducted by vortex-lattice, and viscous drag must be estimated using other methods.
For lift prediction at low angle of attacks, VORLAX can provide reasonably accurate prediction. VORVIEW has been validated by both wind tunnel data 5 as well as the NASA Cart3D tool, 12 a high-fidelity inviscid (Euler) CFD analysis code. Agreement between VORVIEW, Cart3D, and wind tunnel results have been shown for the GTM platform. 1, 2, 13 In general, both VORVIEW and Cart3D seem to have similar predictive capabilities when compressibility is not a factor.
A. Vortex-Lattice Configuration
For this particular study, the engines and nacelles of the GTM are not included in the vortex-lattice model as a simplification, since they are not considered lifting surfaces. 21 Figure 6 represents the input geometry of the GTM (VC-CTEF configuration #1 with no engine nacelles and pylons) in VORVIEW as well as the particular vortex-lattice panel/polygon configuration used to examine the aircraft total aerodynamics. The panel discretization is identical to the spanwise polygon discretization validated and used for the GTM in a previous study 13 except with the inclusion of the tail empennage. The vortex-lattice has panel/polygon edges placed along the trailing edge locations of the boundaries of the VCCTEF sections to ensure that deflection of the VCCTEF is fully captured within vortex-lattice analysis. This vortex-lattice configuration is used in the static aeroelastic modeling of the GTM.
A more refined vortex-lattice configuration is used for the control derivative portion of this study. This is done to increase the resolution of the spanwise sectional aerodynamic coefficients for derivative calculations. The fine vortex-lattice panel/polygon configurations used are shown in Fig. 7 . All configurations are run in vortex-lattice using a symmetric flight assumption where there is no aircraft sideslip angle, β = 0 • , and the aircraft wing spanwise axis, or pitch axis, is the same as the aircraft stability or velocity axes. In addition, only symmetric geometries are currently utilized.
B. Automated Geometry Generation Tool for Vortex-Lattice
An automated geometry generation tool is used to generate the input geometry into VORVIEW. The geometry generation tool uses a global axis system with the origin fixed at the aircraft nose. Let this global coordinate system be represented by a coordinate system [x, y, z]. The x-axis starts at the aircraft nose and points directly aft towards the tail, the y-axis runs outboard towards the tip of the right wing, and the z-axis runs vertically upwards as shown in Fig. 8 . Given a wing elastic axis defined in the global axis system (x ea , y ea , z ea ), the geometry generation tool is able to automatically generate an aeroelastically deformed mesh for input into VORVIEW given a structural deformation (generally determined from FEA solution). Let the structural deformation of an aeroelastic wing be described by three translations and three rotations, represented by the vectors:
whereî,ĵ, andk are unit vectors in the directions of the x-, y-, and zglobal directions. The geometry generation tool has access to the outer mold line of the jig-shape (undeformed) wing geometry. Let a point on the on the outer mold of the wing be represented by (x w , y w , z w ). The geometry generation tool applies the vectors ∆r and ∆φ through the following transformation:
wherex w ,ỹ w , andz w is the location of the deformed outer mold point.
The geometry generation tool is also capable of deflecting the VCCTEF by rotating the corresponding flap section of an airfoil section about a hinge line. Examples of the geometry with the VCCTEF deflection are shown in Fig. 9 . The geometry generation tool returns the hinge line locations for the VCCTEF as the aircraft geometry is generated. For each camber segment, there is a corresponding set data (x h k ,y h k ,z h k ) which represents the axis of rotation for the k-th camber segments of the VCCTEF. The hinge lines are approximated to coincide with the location of the mean camber line of the wing's airfoil sections.
C. VORLAX Panel Results
Vortex-lattice returns the aerodynamic characteristics for each of the vortex-panels in the input configuration. The data returned for each vortex-panel can be post-processed and utilized to conduct further analysis.
Coordinate System
Each vortex-panel has its own defining geometry, and it is useful to define several quantities for analysis. Let an arbitrary vortex-panel be considered. A panel coordinate frame is formed represented by [µ, ν, ξ ] where the µ-axis points along the mean panel centerline. The ν-axis lies perpendicular to the µ-axis and along the panel's leading edge. The ξ -axis forms a right handed rectangular coordinate axis with the µ-axis and the ν-axis. A vortex-panel coordinate frame is shown in Fig. 10 . Figure 11 shows the coordinate transformations from the global axes directions, to the intermediate coordinate frame, and to an arbitrary panel frame. The coordinate transformations can be expressed mathematically as
Let a vortex-lattice configuration consist of a total of n p panels. Henceforth, the superscript i is used to represent the vortex-panel index. For the i-th panel, a coordinate transformation relationship can be established that transforms vectors in the i-th vortex-panel to their equivalent representation in the global axes frame.
Panel Sectional Aerodynamic Coefficients
For each i-th vortex panel, VORVIEW/VORLAX returns the ∆c P values as well as the integrated c N (panel normal force coefficient), c D (panel drag force coefficient), and integrated c M c 4 (panel pitching moment coefficient about the local quarter-chord). Note that VORLAX returns ∆c P values as a function of x c i , where x is in the global axis direction and vortex-lattice assumes that the panel chord is constant and equal to the value of the panel centerline, c i .
where S i is the i-th panel's surface area. Converting into sectional values involves changing the spanwise variable to the spanwise aircraft y-axis where y i 1 and y i 2 are the panel edges where, by design, y i 2 > y i 1 .
where b i is the span of the i-th panel in its local frame and Γ i is the dihedral. These sectional panel coefficients are equivalent to c n (y i ), c d (y i ) and c m c 
IV. Static Aeroelastic Model
A static aeroelastic model is used in this study in order to predict the aeroelastic wing shape and aerodynamics for the GTM model with VCCTEF. A coupled vortex-lattice finite-element static aeroelastic model is used, and the framework is identical to that used in previous studies. 7, 13 Figure 12 represents the coupled aero-structural iterations conducted by the coupled vortex-lattice finite-element static aeroelastic code. Details for the formulation of the finiteelement model used in the static aeroelastic model are found in references. 7, 13 The static aeroelastic code maps an input flight condition corresponding to a lift coefficient C L , Mach number M, and altitude h into the respective static aeroelastic deflection solution a flexible wing would experience at that flight condition and the angle of attack α that the flexible wing aircraft would experience when leveled at the desired C L . Currently, no engine thrust is considered. The following procedure is followed:
1. Vortex-lattice modeling is conducted on an input geometry at the specified flight condition to determine the aircraft total aerodynamic quantities, as well as sectional coefficients c l (y), c m ac (y), and x ac (y) or the location of the section aerodynamic centers.
2. The structural FEM model uses the sectional aerodynamic load inputs to calculate the wing's structural deflection. These are represented as an elastic axis twist Θ(y) and vertical tip deflection W (y).
3. The FEM solution is converted into deformation vectors ∆r and ∆φ , which are input into the geometry generation tool. The automated geometry tool generates a new aircraft geometry with the deformed wing.
4.
A lift curve is generated based on the deformed wing aircraft geometry. The angle of attack α for the value C L is determined and selected for the next iteration.
5.
Steps 1-4 are repeated until |∆α| between iterations is within a criteria. This static aeroelastic model outputs Θ(y), W (y), W x (y), which describe the aeroelastic deflection of the wing.
A. Cruise Condition
At the GTM's design cruise condition, the static aeroelastic solutions for the model and configuration used in this study are summarized in 
B. Low-Speed Take-Off Condition
For the GTM's low-speed take-off flight condition, static aeroelastic solutions are determined and summarized in 
V. Control Derivative Analysis
A control sensitivity analysis based upon the geometric configuration of a VCCTEF design is able to gauge the control efficacy of a given flap configuration. Control derivatives can be directly compared against the values for the conventional flap and aileron systems on the GTM, or estimate the amount of flap deflection is needed in order conduct maneuvers. VORVIEW vortex-lattice modeling with the VORLAX engine and the accompanying automated geometry generation tool are used to conduct the aerodynamic modeling needed to evaluate the control sensitivities.
A. Methodology
Based on the definition of δ in Eq. 1, for the first VCCTEF configuration m = 16 and n = 3, while for the second VCCTEF configuration m = 9 and n = 2. Letδ be a known nominal flap setting for the aircraft at a point in the flight envelope. For the mid-cruise condition the VCCTEF is completely stowed andδ is the zero matrix or via shorthand,
For each j-th flap section, vortex-lattice is run for three flap inputs: the nominal flap settingδ , and two flap settings where the aftmost camber segment (or n-th camber segment) of the j-th section is perturbed by a small value ±ε. In vortex-lattice modeling, the approach in this study is to always deploy the VCCTEF symmetrically and to examine the right wing results for simplification. The left wing aerodynamics are determined through reflection.
Wing Sectional Derivatives
The sectional normal force coefficients c n (y) are transformed into the global axes coefficients using the transformation in Eq. 6.
Considering symmetric flight with no sideslip angle β , the sectional lift and drag coefficients, c l (y) and c d (y), can be determined using the aircraft angle of attack α. 
Thus the sectional aircraft spanwise force coefficients are summarized in Eqs. 21-24, where a parasite drag term c d 0 (y) is included. A skin friction model using a flat plate approach is used to estimate c d 0 . where the value of c m ea twists the wing nose-up about the local elastic axis node. The wing spanwise derivatives c l δn , c y δn , and c m ea δn are calculated using a central difference method as in Eqs.
27, 28, and 29. Note at the subscript δ n represents ∂ ∂ ∆δ n where ∆δ n is a change in the deflection of the n-th camber segments of the VCCTEF from the nominal settingδ . For the first configuration of the VCCTEF n = 3, while n = 2 for the second configuration of the VCCTEF.
The wing sectional drag derivative coefficient is modeled using a second order fit, where the values c d δn and c d (δn) 2 are determined as
Aircraft Total Derivatives
VORVIEW/VORLAX returns the total lift, drag, and pitching moment coefficients for an input aerodynamic configuration automatically. This corresponds to the aircraft coefficients, C L , C D , and C m where the pitching moment is given about the user input value for the aircraft center of gravity (c.g.). The aircraft rolling moment, yawing moment, and side force coefficients, C l , C n , and C Y respectively, can be calculated by integrating the spanwise distributions determined in Eqs. 21-23. The moment coefficients C l , C m and C n utilize aircraft conventions where the moments are determined at the aircraft c.g. about the roll, pitch, and yaw axes respectively. Note that axes are not the same as the global axes defined in Fig. 8 .
The aircraft coefficient derivatives with respect to the VCCTEF deflections are calculated using finite-difference.
Several sets of results are presented in this section, and each set includes the results for both VCCTEF configurations. The rigid wing results represent the control derivative analysis conducted assuming the wing does not experience any aeroelastic deformation, while the stiff and flexible represent wing structural models of a baseline typical conventional stiffness wing and a reduced flexibility model in torsion and bending, respectively. The value for ε used for each of the studies was ε = 1 • . For spanwise sectional derivatives, only the results for the right wing are shown and the left wing results are expected to be identical due to symmetry.
Cruise
The cruise sectional coefficient derivatives with respect to deflection of the fast actuated, aftmost (or n-th) camber segments for each of the VCCTEF sections are analyzed about the cruise C L = 0.51. The corresponding angle of attack and wing shapes for the rigid, stiff, and flexible wing configurations are shown in Table 1 . 
RIGID WING RESULTS

CRUISE FAST ACTUATED VCCTEF CONTROL DERIVATIVES
Let the subscript δ f represent deflection of the aftmost camber segments (the n-th camber segments) of the outer flap sections of the VCCTEF (sections index 2 through m). That is, deflection of the fast actuated portion of the VCCTEF is δ f = ∑ m j=2 δ n . Also, let δ f ,s represent symmetric deflection of the fast actuated portion of the VCCTEF, and let δ f ,a represent asymmetric deflection of the fast actuated portion of the VCCTEF where positive deflection occurs on the left or port side wing. The total aircraft derivative for the fast actuated portion of the VCCTEF used for maneuvering are thus summarized in Table 3 . For comparison, the control derivative values for the rigid wing GTM with conventional ailerons at C L = 0.51 (or corresponding α = 3.791 • at M = 0.797) are included for comparison.
Aircraft Configuration
C The results in Table 3 as well as the results shown in the figures for the three subcases of the cruise analysis demonstrate that the effect of the aeroelastic wing shape does affect the control derivative values of the VCCTEF. It is observed that, though quite small, the value of the yawing moment coefficient derivative with respect to the VCCTEF, C n δ changes sign. The lift coefficient derivative C L δ , as well as the related rolling moment coefficient C l δ , both increase as the wing flexibility increases. The roll control authority of the VCCTEF is also much higher than that of the conventional aileron system at cruise.
Low-Speed Take-Off
The low-speed take-off sectional coefficient derivatives with respect to deflection of the fast actuated, aftmost (or n-th) camber segments are determined for C L = 1.56 at sea-level for the aircraft. At the low-speed take-off condition, the VCCTEF has been retracted from its maximum deflection of δ = 45 • to a value at which the maneuvering VCCTEF sections can now be utilized to conduct roll maneuvers. The nominal flap settingδ that the flap has been retracted to once the aircraft has accelerated to the low-speed take-off speed of M = 0.228 needs to be determined.
DETERMINING NOMINAL FLAP SETTING AT LOW-SPEED TAKE-OFF
The nominal flap settingδ for the VCCTEF at the low-speed take-off flight condition is determined as the value at which the VCCTEF possesses about the same roll control authority as that of a conventional aileron system. At the low-speed take-off condition, it is assumed that the flaps are not operating at the maximum value of δ = 45 Based on the results shown in Fig. 43 , VCCTEF configuration #1 should have an estimated nominal setting of at maximumδ = 25 • in order to maintain the same control authority as a conventional aileron system at the low-speed take-off flight condition for all angles of attack α = −2 • to α = 10 • . VCCTEF configuration #2 is able to have a higher estimated nominal setting ofδ = 35 • . To ensure that incorporating wing flexibility into the wing system does not introduce roll reversal effects, the control derivatives for the VCCTEF configurations for rigid, stiff, and flexible wing models are evaluated for the low-speed take-off C L = 1.56. These are compared to the largest value of C l δ a for the conventional ailerons of C l δ a = 0.1287. The total aircraft derivatives with respect to the VCCTEF for the baseline stiff wing GTM are shown in Figs. 59-64. 
LOW-SPEED TAKE-OFF CONTROL DERIVATIVE SUMMARY
The total aircraft derivatives for the fast actuated portion of the VCCTEF used for maneuvering at the low-speed take-off flight condition are summarized in Table 4 .
Aircraft Configuration
C Similar trends are observed in Table 4 and the figures from the control derivatives analyses show similar trends as were observed from the cruise condition results. The lift coefficient and roll control coefficient derivatives C L δ and C l δ both increase as wing flexibility increases. However, the first order drag control coefficient C D δ does not observe the same trend as that of the cruise condition results in Table 3 , which showed a decreasing trend of C D δ as wing flexibility increases.
VI. Hinge Moment Analysis
A hinge moment analysis is conducted using vortex-lattice data to approximate the loads on the VCCTEF at given flight conditions.
A. Methodology
Hinge moment data is obtained by using ∆c p pressure data that is obtained from running vortex-lattice. Given that vortex-lattice returns ∆c p (x, y) from Eq. 11, determining the normal load experienced at each hinge requires integrating the pressure difference aft of the hinge line location. Letting the global spanwise direction be the independent variable, the hinge line locations are given by the axis (x h k , y h k , z h k ) or (x h k (y), z h k (y)). Thus, the normal load coefficient can be determined through integration as follows for the k-th camber segment. Note the coefficients reference the wing sectional chord c(y). The hinge normal load and moment can be transformed to the global directions using Eq. 6:
The hinge line axis is not a straight line, especially when aeroelastic deformation of the wing is included. Thus, to determine the hinge moment on a VCCTEF hinge section/segment, it is necessary to take the projection of moment coefficient along the hinge line directions. Let the direction of the hinge line be represented by The distributed hinge moment load can then be determined by calculating the dot product between the hinge moment coefficients in the global directions with the hinge line directions where y j 1 and y j 2 are the spanwise coordinates for the edge of the VCCTEF flap sections where y j 2 > y j 1 .
B. Coordinated Turn Maneuver
In order to examine flight conditions where the VCCTEF is deflected for maneuvers, steady state coordinated turn maneuvers are simulated in order to approximate a loaded flight condition. During the steady state coordinated turn, the aircraft airspeed and altitude are not changing while the aircraft maintains a constant yaw rate. The aircraft tracks both a yaw rate and bank angle command during the coordinated turn. The linearized heading equation for the aircraft is given byψ
where for small anglesψ = r. The commands for a steady state coordinated turn are
where n is the aircraft load factor. The necessary VCCTEF deflections needed to conduct the coordinated turn can be solved for by utilizing the linearized lateral-direction dynamics for the aircraft. The complete formulation can be found in reference. 4 The steady roll and yaw equations are given by
where δ f and δ r are solved for given r c and φ c as a function of the load factor n.
It is assumed that the terms
are small, thus reducing Eqs. 52 and 53 to
, m = 210, 000/32.174 slug for cruise, m = 235, 000/32.174 slug for low-speed take-off, I xx = 1, 770, 000 slug − ft 2 , and I zz = 7, 270, 000 slug − ft 2 . 11 Thus Eqs. 54 and 55 are used to solve for δ f and δ r for the coordinated turn maneuvers.
C. Results
To estimate the worst case hinge moment loading that the VCCTEF will encounter, the hinge moment coefficients for the VCCTEF flap sections are determined by considering the cruise and the low-speed take-off flight conditions. Three subcases are run for the cruise flight condition: cruise steady state, cruise at the maximum maneuver load, and a coordinated turn maneuver conducted with control deflection limits. For the low-speed take-off flight condition, the same three subcases are considered.
For cruise, the maximum angle of attack for the aircraft is considered α stall = 12 • . For low-speed take-off, the maximum angle of attack for the aircraft is considered to be slightly lower at α stall = 10 • due to the high-lift flap deflections. The maximum rudder deflection is set at δ r = 10 • and the maximum limit on the VCCTEF maneuver sections is considered to be δ f = 30 • .
Cruise
The results for the three subcases at the cruise condition of M = 0.797, h = 36, 000 ft are presented.
CRUISE STEADY STATE
The cruise steady state condition is considered for standard flight at C L = 0.51 withδ = 0 • . The flight conditions for the rigid, stiff, and flexible wing aircraft at the cruise steady state were presented earlier in Table 1 . For those flight conditions, the distributed hinge moment loads m h (y) are shown in Fig. 75 and the integrated hinge moment loads M h are shown in Fig. 76 . CRUISE AT MAXIMUM MANEUVER LOAD The cruise maximum maneuver load hinge moment analysis determines the VCCTEF hinge moment coefficients at the cruise speed and altitude where the load factor has been increased to the positive maximum n = 2.5, or the angle of attack is increased to α = 12 • . The static aeroelastic model solutions for the loaded flight condition are summarized in Table 5 . The flexible wing configuration is angle of attack limited. CRUISE WITH LIMITED COORDINATED TURN MANEUVER The hinge moments at cruise when the aircraft is conducting a coordinated turn take into account the control deflections necessary to execute the maneuver. Antisymmetric deflection of the VCCTEF is used to roll the aircraft. Deflection of the maneuver segments of the VCCTEF is assumed to have no impact on the aeroelastic shape of the wing, and the net effect of the antisymmetric deployment of the VCCTEF on the aircraft C L is neglected. The static aeroelastic model is run for the loaded flight condition, and the VCCTEF flap deflections are calculated using the VCCTEF roll derivatives at the flexible wing shape. The aircraft configuration for the coordinated turn maneuver is summarized in Table 6 . Maneuvering VCCTEF deflection limits and rudder deflection limits are imposed. Table 6 shows that all three of the rigid, stiff, and flexible configurations are rudder deflection limited. For the loaded turn maneuver case, hinge moment data is plotted for the left wing with positive VCCTEF maneuver flap deflection, which is higher than that of the hinge moment data for the right with negative VCCTEF maneuver section deflection. The values for the distributed hinge moments loads and the integrated values for each flap section are shown in Figures 79 and 80 . 
Low-Speed Take-Off
The results for the three subcases at the low-speed take-off condition of M = 0.228, h = 0 ft are presented. For VCCTEF configuration #1δ = 25 • , and for VCCTEF configuration #2δ = 35 • .
LOW-SPEED TAKE-OFF STEADY STATE
The static aeroelastic solutions for the rigid, stiff, and flexible wing aircraft configurations at the low-speed steady state flight condition were presented in Table 2 . Figure 81 shows the the distributed hinge moment loads m h (y) and the integrated hinge moment loads are shown in Fig. 82 . 
LOW-SPEED TAKE-OFF AT MAXIMUM LOAD
The second load case at the low-speed take-off flight condition is considered when the aircraft's angle of attack is increased to the maximum value of α = 10 • . The static aeroelastic solutions for the loaded low-speed take-off flight condition are summarized in Table 7 . It is observed that the hinge moment values are barely affected (< 1% increase on average) when loading the wings from steady state to the loaded cruise condition. This is partly due to the already high angle of attacks for the low-speed take-off flight condition that prevent the maximum load factor from being very high.
LOW-SPEED TAKE-OFF WITH LIMITED COORDINATED TURN MANEUVER
The third subcase analyzed for the low-speed take-off flight case models the deflection of the VCCTEF required to conduct a loaded coordinated turn. The results in Table 8 show that for VCCTEF configuration #1, the loaded turn maneuver case is limited by stall angle of attack. Thus, the aeroelastic solution for VCCTEF configuration #1 on the loaded roll maneuver case is the same as the previous maximum loaded subcase. The results for VCCTEF configuration #2 are rudder deflection limited. The values for the distributed hinge moments loads and the integrated values for each flap section are shown in Figures 85 and 86 . Once again, the results represent the positive deflected VCCTEF maneuver sections, and the hinge moment loading for the negative deflected VCCTEF were verified to be less. OVERALL WORST CASE The overall worst case hinge moments are determined by comparing the three subcases examined at cruise and the three subcases examined at low-speed take-off. The worst case distributed hinge moment load m h is determined as the maximum value of the hinge moment load at each spanwise section considering the subases examined. It is noted that the critical load does not occur at a single subcase. The data is presented as a function of the normalized wing root to wing tip spanwise variable η = 2 y−y root b −y root where b is the projected span of the aeroelastically deformed wing in the y-direction. The value of η = 0 corresponds to the wing root location and η = 1 corresponds to the wing tip location. Figure 87 is a plot of the worst case distributed hinge moment loads for the rigid, stiff, and flexible wing configurations. The worst case integrated hinge moment loads are shown in Fig. 88 The results show that the worst case loads are increased for the VCCTEF as the wing increases in flexibility. This effect is observed to be more prominent on the outboard sections of the wing. Tables 9 and 10 The tables show that the increase in the hinge moment values is roughly proportional to the increase in wing flexibility; the flexible wing, which has about twice the aeroelastic deformation as the stiff wing, shows about twice the percent increase in the worst case hinge moments as the stiff wing. For further insight, Fig. 89 shows color coded diagrams indicating the critical determining load subcases for the VCCTEF flap sections/segments. The loaded turn maneuver at cruise is the critical load case for the outboard VCCTEF sections for all the aircraft configurations. For an aircraft with VCCTEF configuration #1, the inboard section's worst case load is the maximum loaded case at cruise. For VCCTEF configuration #2, the inboard section's worst case load is the loaded turn maneuver at low-speed take-off, while the second camber segment's is the loaded turn at cruise when wing flexibility is modeled.
VII. Conclusion
This paper presents a series of analyses conducted in order to gain insight into aerodynamic loads on the novel VC-CTEF control effector when equipped on GTM aircraft with different wing flexibility models. Vortex-lattice method is used as the primary aerodynamic modeling tool, and an aeroelastic model using a coupled vortex-lattice finite-element framework is used to analyze wings with flexibility included. Two VCCTEF configurations are analyzed: VCCTEF configuration #1 with 16 flap sections each with three camber segments, and VCCTEF configuration #2 with nine flap sections each with two camber segments. Three wing flexibility models are analyzed: a "rigid" wing model which does not experience aeroelastic deformation, a "stiff" wing model that deforms based on baseline wing mass/stiffness values representative of a current generation aircraft, and a "flexible" wing model that has 50% reduction in stiffness from the stiff model representative of a future generation aircraft. Two primary flight conditions are considered for analysis: cruise and low-speed take-off. Aeroelastic solutions for the flight conditions considered are presented.
Two primary types of analyses are conducted on the aircraft configurations. The first type of analysis is control derivative analysis where the sensitivity of the aerodynamic loads to perturbations of the VCCTEF flap sections are determined. A methodology is presented utilizing vortex-lattice, and results are presented for rigid, stiff, and flexible wing platforms at the cruise and low-speed take-off conditions. For the cruise flight condition, a nominal VCCTEF flap deflection is considered ofδ = 0 or no VCCTEF deflection. For the low-speed take-off flight condition, an analysis is conducted in order to determine the nominal flap deflectionδ at which the VCCTEF has roll control authority similar to that of a conventional aileron system. For VCCTEF configuration #1, the nominal flap deflection is determined to beδ = 25 • . For VCCTEF configuration #2, the nominal flap deflection is determined to beδ = 35 • . With respect to VCCTEF flap deflections, plots of sectional aerodynamic derivatives are presented as well as total aircraft derivatives for the cruise and the low-speed take-off conditions about the nominal flap deflection values. The aerodynamic load and moment derivatives with respect to the fast actuated sections of the VCCTEF utilized for maneuvering are also tabulated. The results demonstrate trends when including aeroelastic modeling, where the lift coefficient derivatives C L δ and roll moment coefficient derivatives C l δ experience slight increases as wing flexibility is increased.
The second type of analysis conducted is hinge moment. A methodology is presented that utilizes vortex-lattice in order to determine the aerodynamic loading on VCCTEF flap sections along the hinge lines that can be integrated to determine the total load over a VCCTEF flap section/segment. For both the cruise and low-speed take-off flight conditions, hinge moment analyses are conducted at various different subcases. For both flight conditions, the hinge moments at the steady state flight condition, the hinge moments at a max loaded flight condition without VCCTEF deflection, and the hinge moments at a loaded coordinated turn flight condition with VCCTEF deflection are determined. For the max loaded flight conditions, α stall is considered to be α stall = 12 • at cruise and α stall = 10 • at low-speed take off. For the loaded flight condition while executing coordinated turn, the aircraft maintains the stall angle of attack restriction as well as imposed antisymmetric VCCTEF maneuver section deflection limits at δ f ,max = 30 • and rudder deflection limits at δ r max = 10 • . For cruise, the maximum load condition is at n = 2.5 for the rigid and stiff wing models while the α stall is the limit for the flexible wing model. For the turn maneuver loaded flight condition, the models are all restricted by the rudder deflection. For low-speed take-off, α stall is the maximum load condition, whereas when conducting the coordinated turn, VCCTEF configuration #1 is limited by α stall but VCCTEF configuration #2 is limited by rudder deflection. The estimated worst case hinge moments on the three wing configurations for both VCCTEF configurations is determined by examining the largest hinge moments of the total six subcases (three subcases for cruise, three subcases for low-speed take-off). For both VCCTEF configurations, the outboard VCCTEF flap sections/segment's critical hinge moment loads are experienced during the loaded turn maneuver at cruise. For VCCTEF configuration #1, the inner flap's critical hinge moment loads are experienced at the maximum load condition. For VCCTEF configuration #2, the inner flap experiences the maximum load during the loaded turn maneuver at low-speed take-off. Hinge moments are affected by flexibility of the wing. For VCCTEF configuration #1, the stiff wing experiences a maximum increase of 5.90% in hinge moment load relative to the rigid wing and the flexible wing experiences a maximum increase of 11.42%. For VCCTEF configuration #2, the stiff wing experiences a maximum increase of 5.03% in hinge moment load relative to the rigid wing and the flexible wing experiences a maximum increase of 10.00%. Thus, the observed trend is that as the wing flexibility increases, the maximum worst case hinge moments increase roughly proportionally to the decrease in stiffness.
The results of the control derivative analyses and the hinge moment analyses represent first-order aerodynamic analyses of the loading that the VCCTEF control effectors experience on conventional commercial aircraft configurations where wing aeroelasticity is considered. As a tool, vortex-lattice is only able to conduct quasi-steady aerodynamic analysis. Further work with regards to control derivatives involves incorporating unsteady aerodynamics and the effect of the rate of change of VCCTEF deflections on the aircraft sectional and total aerodynamic loads. Further refinements can be incorporated into the vortex-lattice modeling of the GTM as well, where the engine nacelles can be added by utilizing fusiform modeling. Asymmetric modeling of the aircraft can also be investigated. These improvements and future work also affects the hinge moment analysis, but further considerations of additional flight conditions and subcases can be considered. This work considers only the cruise and the low-speed take-off flight conditions, but additional points in the flight envelope can be included as well as other maximum load cases, such a a maximum roll rate case. Higher fidelity aerodynamic modeling tools can be used to approximate loads at the lift-off condition or landing condition where viscous effects dominate. As these further extensions of this aerodynamic modeling work are being conducted, the results from this study can be utilized in flight dynamic, stability, and control modeling that involves the VCCTEF. Conventional rigid body aircraft flight dynamic models can incorporate the aircraft control derivative results while coupling with flexible wing models can utilize the spanwise derivative and extended hinge moment results. Hinge moment results can also be used by design and system engineers to size the actuation systems for wings designs with VCCTEF.
VIII. Acknowledgments
